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Abstract 
Integrated quantum photonic circuitry is an emerging topic that requires efficient coupling of 
quantum light sources to waveguides and optical resonators. So far, great effort has been 
devoted to engineering on-chip systems from three-dimensional crystals such as diamond or 
gallium arsenide. In this study, we demonstrate room temperature coupling of quantum emitters 
embedded within a layered hexagonal boron nitride to an on-chip aluminum nitride waveguide. 
We achieved 1.2% light coupling efficiency of the device and realise transmission of single 
photons through the waveguide. Our results serve as a foundation for the integration of layered 
materials with on-chip components and for the realisation of integrated quantum photonic 
circuitry.  
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Implementation of quantum networks and photonic processors require interfacing multiple 
single photons on a chip[1, 2]. For this purpose, efficient integration of quantum light sources 
and photonic resonators, such as waveguides and cavities, is needed[3, 4]. To this end, photonic 
integrated quantum circuits have become an attractive research direction, that is poised to 
deliver compact yet complex solid-state photonic quantum circuitry. 
 So far, efforts have been predominantly invested in three-dimensional solid-state 
systems, such as gallium arsenide[5-7] or diamond[8, 9], where the photon source is directly 
embedded in the material which the resonator is consequently fabricated out of. However, the 
fabrication of these structures is non-trivial, and alternative hybrid approaches are thus being 
pursued. One of these hybrid strategies involves transferring the photon source onto pre-made 
structures fabricated from a different material[10-12]. This has been demonstrated for instance 
with epitaxially grown quantum dots (QDs). In this case the QD can be pre-characterized and 
subsequently lifted off and positioned onto a resonator fabricated from conventional 
semiconductors such as Silicon or Silicon nitride[13-15]. This pick-and-place approach is 
laborious and requires sophisticated nano-manipulators within scanning electron microscope. 
It also suffers from limited precision of alignment and positioning of the source with respect to 
the resonator. Furthermore, single photon emission from the epitaxially-grown QDs can only 
operate at cryogenic temperatures. 
A promising alternative to the above issues is the use of newly emerged single photon 
emitters in two-dimensional (2D) materials[16, 17]. Due to the two-dimensional nature of the 
host, they can be transferred onto photonic structures via exfoliation and stamping, reproducibly 
and in ambient conditions[18]. Indeed, the first work on the coupling 2D materials – namely 
emitters in layered GaSe[19], to photonic resonators have successfully been realized. However, 
due to the nature of the emission from these sources, their operation was limited to cryogenic 
temperatures. A promising alternative is to use the quantum emitters in layered hBN. These 
sources are ultra bright and operate at room temperature[20-25]. Taking the advantage of these 
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features, in this work we report on the integration of room-temperature hBN quantum emitters 
with aluminum nitride (AlN) waveguides. We demonstrate transmission of nonclassical light 
through the waveguide, hence paving the way for future and more complex realisations 
including photon multiplexing and photonic circuitry on chip. 
 
 
Figure 1. a) Schematic view of the hybrid quantum photonic system showing a hBN flake 
(purple) positioned onto an AlN ridge waveguide (grey). The inset shows the layered van der 
Waals crystal. b) Atomic force microscopy (AFM) image of the hBN-waveguide structure. The 
position of the hBN emitter onto the waveguide is indicated (yellow arrow). c) AFM height 
measurement of the hBN emitter on the waveguide along the profile following the red line in 
(b); the ridge measured for the pristine waveguide is also shown (black trace). 
 
Figure 1a depicts schematically the integrated quantum photonic device consisting of 
the quantum light source and the ridge waveguide terminated with the grating coupler. The inset 
shows the cross-sectional view of the layered hBN crystalline structure formed by boron and 
nitride atoms (blue and red spheres respectively). The waveguide is fabricated from aluminum-
nitride (AlN) and optimized for single-mode propagation of light with 600-nm wavelength. The 
width and height of the waveguide are 1 µm and 200 nm, respectively. Nanocrystalline AlN is 
chosen for the wavaeguide material platform as it has a transparent window from the ultraviolet 
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to the infrared range due to its large bandgap (6.2 eV), while also displaying a low auto-
fluorescence, good thermal conductivity and is an electro-optic material[26, 27]. Additionally, 
the refractive index of AlN (n = 2.08) is very close to that of hBN (n = 2.1)[28, 29], which 
desirably minimize light reflection at the AlN/hBN interface. The single photons from the hBN 
flake placed onto the waveguide (purple solid in Fig. 1a) are coupled and guided through the 
waveguide itself and detected at its end from the grating coupler. Figure 1b is the atomic force 
microscopy (AFM) image of the sample showing  hBN flakes dispersed on the waveguide. The 
hBN flake indicated by the yellow arrow is the one characterized in this study. The height 
profile of the hBN flakes (Figure 1c) indicates partial agglomeration of the hBN flakes over the 
waveguide resulting in a total height of ~200 nm. . 
 
Figure 2. Optical characterisation of the hBN-waveguide hybrid structure. a) Confocal map of 
the hybrid system under 532-nm CW laser excitation. b) PL spectrum of the hBN emitter and 
its second-order autocorrelation g(2)(τ) curve (inset) indicating single-photon emission (g(2)(0) 
< 0.5) . c) Confocal map where the 532-nm laser excitation is fixed on the emitter (spot A) and 
the collection is scanned over the sample; in collection the 532-nm laser is filtered out. The map 
shows that photons from the emitter couple to the waveguide and are detected at the grating 
coupler (spot B). d) PL spectrum and g(2)(τ) curves (inset) are collected from the grating coupler 
(spot B) with excitation fixed at the emitter. Scale bars are 5 µm in both (a) and (c). The 
collection spectral window is indicated by the unshaded areas in (b), (d). The g(2)(τ) curves are 
corrected for background and time jitter. 
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The confocal photoluminescence (PL) map of the sample is shown in Figure 2a, where 
the optical excitation was performed with a continuous-wave green laser (wavelength 532 nm) 
through a 0.9 NA objective. In this standard confocal map, the excitation and collection are  
from same spot as the sample is scanned using a piezo stage: we refer to this scheme as ‘local 
excitation’. The hBN single-photon emitters (SPEs) on the waveguide were identified and 
subsequently characterized via this local excitation scheme. Figure 2b shows the zero-phonon 
line (ZPL) of the hBN SPE at 623 nm with a linewidth of 4.24 nm (full width at half maximum 
of the fitted Lorentzian). Note, this corresponds to the hBN flake indicated in Figure 1b and 1c. 
The spectrum was integrated for 60 seconds at an excitation power of 2 mW. The spectrum and 
second-order autocoreelation g(2)(τ)  measurements in Figure 2b were filtered using a bandpass 
filter (Semrock, (630 ± 28) nm) to spectrally reject the Cr luminescence peak from sapphire and 
to isolate the emitter’s ZPL—the regions shaded in grey in Fig. 2b, d display the spectral regions 
which were filtered out. The insets in Fig. 2b, d show the second-order autocorrelation 
measurement g(2)(0) performed using a Hanbury-Brown and Twiss interferometer and corrected 
for background and time jitter. A zero-delay time value of g(2)(0) = 0.12, indicates the single-
photon nature of the emitter. 
  Next, the emitter was analysed with a modified collection technique which we refer to 
as ‘non-local collection’—the schematic of which, is shown in Figure 2c. In this scheme, the 
excitation laser (532 nm) is kept fixed at the location of the hBN SPE (spot A), while collection 
is acquired over a 30 × 30 µm2 area using a scanning mirror; the 532-nm excitation laser is 
filtered out. Figure 2c shows the resulting confocal scan which reveals luminescence both from 
the emitter, locally (spot A), and—at lower intensity—from the outcoupling grating (spot 
B)ized. This demonstrates successful coupling and propagation of single photons from the hBN 
emitter through the waveguide structure. The bright emission from the spot B in Figure 2c is 
further analyzed with spectrometer, revealing the same ZPL (623 nm) as from a spot A.  Finally, 
to rule out the potential of an alternative SPE positioned on the waveguide and collected from 
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spot B, we performed additional characterization of this area using the local excitation scheme, 
and found no other optically-active SPEs on the waveguide, further confirming that the PL from 
spot B originates from the hBN SPE at spot A.  
The intensity of the PL signal measured at the grating coupler (spot B) is 1.2% of the 
total PL intensity collected from spot A, as shown in figure 2d. Inset is the resulting 
autocorrelation function, that shows significantly higher g(2)(0) value, most likely due to the 
increased background compared to the collection via local collection. We attribute this to the 
system losses which include: (i) coupling efficiency from an emitter to single-mode waveguide, 
and (ii) extraction efficiency from the grating-coupler. Note, that the propagation loss is 
negligible as AlN is transparent in the visible region and the propagation length is relatively 
short (~ 25 m). Additionally, the waveguide is straight, so no bending losses are considered.  
The extraction efficiency of the grating coupler is estimated using finite-difference time-
domain (FDTD) simulations. Here, we use the term extraction efficiency to refer to the portion 
of light that escapes the structure, and is collected through the objective in the optical setup 
with NA = 1. For the single mode (λ = 623 nm) propagating light, the grating coupler used in 
our experiment has  extraction efficiency of 9.8%. This is calculated considering that most of 
the extracted light is within 20° in the far-field intensity pattern and we used an objective lens 
with NA = 0.9.  The low extraction efficiency is attributed to the high refractive index (n = 1.8) 
of the sapphire substrate. 
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Figure 3. a) Three-dimensional FDTD simulation showing the cross section (x-z plane) of the 
sample, where the emission from the dipole emitter couples to the waveguide. b) Mode profile 
of the waveguide at 623 nm. c) Three-dimensional schematic describing the angle of the hBN 
emitter (red arrow) with respect to the waveguide (the longitudinal axis of the waveguide is 
along the x-direction). d) Coupling efficiency of the light coupling to the waveguide with 
respect to the emitter’s angle. 
 
To complete the analysis on the system efficiency, the coupling efficiency between the 
emitter and the waveguide is analysed numerically. The hBN flake is simplified using a cuboid 
with dimensions corresponding to 1000 (width) × 1000 (length) × 200 (height) nm3 and 
refractive index of 2.1 (in-plane). A dipole emitter with λ = 623 nm is located in the center of 
the flake having polarization along the y-axis orthogonal to the longitudinal axis of the 
waveguide. Figure 3a shows the cross-sectional view of the electric field intensity showing the 
light coupled to the AlN waveguide. The coupled light propagates with single gaussian mode 
as shown in Figure 3b. Additionally, the system is analyzed by varying the emission 
polarization of the SPE. We focus on the in-plane polarization as, due to the orientation of the 
flake with respect to the waveguide, this orientation is more relevant to our case. We therefore 
fix the polarizations in the simulation to the x-y plane while varying the angle Ɵ with respect 
to the waveguide as displayed in Figure 3c. Figure 3d shows the coupling efficiency of the 
emitter to the waveguide when the wavelength of the dipole emitters are 600 nm and 623 nm, 
     
8 
 
respectively. These two wavelengths were chosen in the simulation because the AlN waveguide 
was designed and optimized for 600 nm, and the hBN SPE in the experiment has a ZPL at 623 
nm. Figure 3d shows that when the emission polarization is along the waveguide direction (Ɵ 
= 0°) the coupling is very weak while the efficiency is maximized when the polarization 
direction is orthogonal to the waveguide (Ɵ = 90°). The maximum coupling efficiency from the 
simulation is 15.5% for 623 nm. The hBN SPE in the experiment has a measured emission 
polarization of Ɵ ~ 90°; in our estimate of the total coupling efficiency we thus use this value. 
The total efficiency of the device can be estimated by multiplying all three efficiencies listed 
above (i, ii, iii), which results in a total value of 1.5%, which matches very well with the value 
measured experimentally of 1.2%.  
 
 
Figure 4. Reversed excitation scheme of the system. a) Confocal map with excitation fixed on 
the grating coupler (spot B) and collection acquired from the emitter (spot A). Scale bar is 5 
µm. b) PL spectrum and g(2)(τ) function (inset) are collected from the emitter (spot B). The 
collection spectral window is indicated by the unshaded area in (b). The g(2)(τ) curves are 
corrected for background and the time jitter. 
 
Finally, the device was tested in what we refer to as ‘reverse collection,’, i.e. with the 
excitation spot fixed at the grating coupler and the collection scanned across the sample area 
(the laser excitation at 532 nm is filtered out)—the schematic is shown in Figure 4a together 
with the two-dimensional PL map. The green excitation laser is injected into the waveguide at 
the grating coupler (spot B) and guided through the waveguide to excite the same SPE that is 
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characterized in Figures 1 and 2. The green laser also excites other photoluminescent defects 
along the waveguide, yet these reveal broad PL emission which is not related to the investigated 
SPE. Figure 4b shows the PL spectrum collected from spot A under this reverse collection 
scheme and displaying the same ZPL wavelength as in Figure 2. The corresponding 
autocorrelation measurement is shown in the inset of Figure 4b, with g(2)(0) =  0.42. The 
different (higher) g(2)(0) single-photon purity for the reverse scheme in Figure 4b  compared to 
that of the non-local scheme in Figure 2d is attributed to the different collection efficiency for 
the two different schemes. In Figure 4b, the emission is from a point defect source for which 
the collection spot size is determined by the NA of the lens. Conversely, in Figure 2d light is 
scattered by the grating coupler which inevitably has a larger, non-point-like emission. In 
addition, in the reverse configuration (Fig. 4b) the laser intensity can be increased at will to 
compensate for losses in the waveguide until we saturate the emitter. However, in the non-local 
scheme (Fig 2d) while we can still saturate the emitter, photons will be consequently lost while 
propagating along the waveguide.  
To conclude, we demonstrated coupling of room-temperature SPEs in a 2D van der 
Waals crystal, specifically, hBN to an AlN waveguide. We achieved a coupling efficiency of 
1.2% for the hybrid system, which matches the theoretical limit of 1.5% estimated for the 
structure using FDTD simulations. We also successfully demonstrated, efficient guiding of 
single photons in a variety of non-local excitation and collection schemes. The hybrid system 
constitutes the first step towards room-temperature, multi-functional photonic circuitry based 
on 2D material quantum light sources. 
Further optimization can be achieved by improving the coupling efficiency, for instance 
by engineering the immediate dielectric environment of the emitter through capping with a third 
material. Better resonator geometries and couplers using the inverse-design principles[30] 
could also be engineered and fabricated, so that on chip operations can be realized. Finally, we 
note that research into strain engineered quantum emitters is accelerated[24, 31, 32], which may 
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enable engineering the spectral characteristics of the emitter on demand, and in a precise 
location on the waveguide.  
 
 
Experimental Section  
Sample preparation: Hexagonal boron nitride (hBN) nanoparticles in solution (Graphene 
Supermarket) were transferred onto the waveguides. The whole sample was subsequently 
annealed at 850 °C for 30 minutes in Argon atmosphere to avoid contamination. After annealing, 
the system was characterized via confocal microscopy. 
 
Optical characterization: The optical characterization of the structures was carried out with a 
lab-built scanning confocal microscope. A continuous wave (CW) 532-nm laser was used for 
excitation. The laser was directed and focused onto the sample using a high-numerical-aperture 
objective lens (NA = 0.9, TU Plan Flour 100X, Nikon). The laser was scanned across the sample 
using a x-y piezo stage. The collected light was filtered using a 532-nm dichroic mirror (532 
nm laser BrightLine, Semrock) and an additional 568-nm long pass filter (LP Filter 568 nm, 
Semrock). The signal was then coupled into a graded-index fiber, where the fiber aperture 
served as a pinhole. A fiber splitter was used to direct the light to a spectrometer (Acton 
SpectraPro, Princeton Instrument Inc.) and to two avalanche photodiodes (SPCM-AQRH-14-
FC, Excelitas Technologies) in a Hanbury-Brown and Twiss configuration. In the non-local 
collection scheme, the excitation was fixed at a specific point and the collection was scanned 
using a scanning mirror (FSM-300, Newport). 
 
Numerical calculations: Photonic simulation was performed by solving Maxwell’s equations 
using the 3D FDTD method (Lumerical software). The size of the simulation domain is 16×5×2 
µm3 divided by a 20-nm mesh size. The emitter-waveguide coupling efficiency was simulated 
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with ‘Dipole’ as a light source while the grating coupler’s efficiency was simulated using ‘Mode’ 
as a light source.  
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